Spin-torsion effects in the hyperfine structure of methanol The magnetic hyperfine structure of the non-rigid methanol molecule is investigated experimentally and theoretically. 12 hyperfine patterns are recorded using molecular beam microwave spectrometers. These patterns, along with previously recorded ones, are analyzed in an attempt to evidence the effects of the magnetic spin-torsion coupling due to the large amplitude internal rotation of the methyl group [J. E. M. Heuvel and A. Dymanus, J. Mol. Spectrosc. 47, 363 (1973)].
I. INTRODUCTION
Molecular hyperfine effects in which hyperfine coupling arises from equivalent nuclei that can be exchanged by either rotations or large amplitude motions are of great interest and lead to unexpected results. In C 3v symmetry rigid molecules like chloroform and trichlorofluoromethane, the three chlorine atoms giving rise to the hyperfine quadrupole coupling can be exchanged by 2π/3 rotations about the C 3 axis of symmetry leading to an effective hyperfine coupling Hamiltonian depending qualitatively on the A or E nature of the rotational levels. 1 Similar effects are observed in non-rigid molecules. In hydrazine, the coupling between the large amplitude motions and the hyperfine quadrupole coupling arising from the two nitrogen atoms leads to hyperfine patterns in which these two atoms are either equivalent or not, depending on the symmetry species of the tunneling levels. 2 These effects are even more striking in deuterated acetylene dimer (C 2 D 2 ) 2 and deuterated water dimer (D 2 O) 2 in which the hyperfine structure arising for nondegenerate tunneling sublevels can be accounted for using an effective quadrupole coupling Hamiltonian with the same coupling constant for all four deuterium atoms. 3, 4 In the non-rigid triply deuterated isotopic species of acetaldehyde CD 3 COH, the three equivalent deuterium atoms are exchanged by the large amplitude torsional motion leading to hyperfine patterns which are also qualitatively dependent on the torsional symmetry of the levels. 5 This paper is devoted to experimental and theoretical analyses of the hyperfine structure of the normal species a) Electronic mail: laurent.coudert@lisa.u-pec.fr b) Permanent address: Ioffe Physical-Technical Institute, Politekhnicheskaya 26, 194021 St. Petersburg, Russia.
of methanol which is of great relevance for high-precision astrophysics and theoretical physics. 6 The hyperfine structure of several transitions was recorded in the microwave domain and analyzed with a view towards understanding the effects of the large amplitude torsional motion. The hyperfine coupling in methanol is due to the well known magnetic spin-rotation and spin-spin couplings 7, 8 leading to small line splittings on the order of 10 kHz. Due to the large amplitude internal rotation of the methyl group, averaging effects similar to those described above are expected as the large amplitude motion exchanges three equivalent hydrogen atoms. The large amplitude internal rotation may also lead to a less known magnetic coupling, the so-called spin-torsion coupling, which was first studied by Heuvel and Dymanus 9, 10 and later by Hougen et al. 11 and which has not yet been conclusively evidenced.
The theoretical approach used in the present paper relies on careful symmetry considerations and is based on an effective hyperfine Hamiltonian expressed with the help of symmetrized coupling operators 12 describing the spin-rotation, spin-spin, and spin-torsion magnetic couplings. The constants involved in the operators corresponding to the spin-rotation and spin-spin interactions are evaluated using either ab initio calculations or the structure of the molecule. A tentative determination of the constants involved in the operators corresponding to spin-torsion is also performed based only on the structure of the molecule and ignoring electronic effects.
In the analysis of the hyperfine patterns, rotation-torsion matrix elements arising in the effective hyperfine Hamiltonian are computed for the rotation-torsion levels involved in the experimental data set, their rotation-torsion wavefunction being retrieved from the high-resolution spectroscopic data available for methanol (see, for instance, Xu et al. 13 and references therein). The line frequency analysis allows us to refine the constants involved in the operators describing the spinrotation coupling and to carry out the first determination of the constants involved in the operators describing the spin-torsion coupling.
In the paper, the microwave measurements are described in Section II and the theoretical approach used to account for the magnetic hyperfine energy is introduced in Section III. In Section IV, the fitting hyperfine Hamiltonian is derived and the constants involved in this operator are numerically evaluated. Section V deals with the analysis of the hyperfine patterns. A discussion is given in Section VI.
II. EXPERIMENTAL DATA
Three data sets were considered in the analysis. The first one was recorded using the Fourier transform microwave (FT-MW) spectrometer 14, 15 in Hannover covering the range 2-26.5 GHz and described previously. 16 The molecular beam was generated as a pulsed supersonic expansion of a CH 3 OH/Ne mixture at a total backing pressure of 2 bars using a 1 mm-diameter nozzle orifice. Molecular pulses of approximately 0.25 ms duration were found optimal. The molecular response after MW impulse excitation was recorded in the time-domain; its signal frequencies were determined by Fourier transformation. The pulsed supersonic jet, exhibiting rotational temperatures of 2 K, was introduced coaxially to the axis of the Fabry-Perot resonator, and consequently, each observed transition appears as a Doppler doublet. The line center is determined as the arithmetic mean of the peak frequencies of the two Doppler components. The accuracy of spectral line positions is estimated to be better than 2 kHz. All frequency measurements were referenced to a global position system (GPS) controlled frequency standard (relative frequency accuracy: 10 −11 ). Figure 1 shows the spectrum recorded for the hyperfine pattern of the transition at 12 178 MHz involving doubly degenerate E-type torsional levels. When accurate frequency measurements as those presented in this paper are carried out, the effects of the residual magnetic field in the spectrometer should be taken into account. Its value was estimated to be in the 0.5-1 G range. In a closed-shell molecule like methanol, such a residual magnetic field should not lead to noticeable effects. The second set of data was recorded using the molecular beam FT-MW spectrometer in Lille. In this spectrometer, mirrors with a diameter of 0.7 m are used 17, 18 allowing us to record signals in the 2-20 GHz spectral region. The sample was purchased at Sigma Aldrich (Fluka Chemie GmbH), with a purity of 99.8%, and used without further purification. Methanol vapors at a pressure of 30 mbars were mixed with neon carrier gas at a backing pressure of 1.6 bars. The mixture was introduced into the Fabry-Perot cavity at a repetition rate of 1.5 Hz. Molecules were polarized within the supersonic expansion by a 2 µs pulse and the free induction decay signal was detected and digitized at a sampling rate of 120 MHz. After transformation from the time domain signal into the frequency domain, molecular lines were observed as Doppler doublets, with a signal point every 0.46 kHz. Each average spectrum was obtained by co-adding about 100 signals. Transition frequencies were measured as the mean value of the two Doppler components and for most lines the uncertainty of the measurements is estimated to be less than 1 kHz. The Doppler width is a few kHz. No attempts were made to obtain transition frequencies from the time domain signal. Figure 1 displays the hyperfine structure recorded with the experimental setup in Lille of a transition involving nondegenerate A-type torsional levels.
The third set of data comes from the experimental investigation of Heuvel and Dymanus. 9 The frequencies measured by these authors are reported in their Table I except for the 1 01 A 2 ← 0 00 A 1 transition. For this transition, the measured frequencies of the hyperfine components were retrieved from their Fig. 2 using a Plots of the 19 experimental hyperfine patterns described above as well as their hyperfine frequencies are given in a figure available in the supplementary material. 19 For hyperfine patterns measured with different experimental setups, there is a good consistency and the frequencies of the hyperfine components agree within 0.7 kHz for rotation-torsion transitions involving A-type levels. For transitions involving Etype levels, the agreement is usually less satisfactory. In the case of the 2 0 E ← 3 −1 E transition at 12 178 MHz, measured with the Lille and Hannover experimental setups, the hyperfine pattern is barely resolved with the former setup while it is well resolved with the latter. In addition to a 5 kHz discrepancy for the frequency of the higher lying hyperfine component, the intensities of the hyperfine components do not match. In the case of the 9 −1 E ← 8 −2 E transitions at 9936 MHz, the pattern recorded with the Hannover experimental setup displays 5 lines while the one recorded with the Lille exper- imental setup is not resolved. The measurement discrepancies for these two patterns may originate from the different durations of the polarizing pulse. Table I lists the rotation-torsion transitions considered in this work as well as the experimental setup, or the reference, from which hyperfine frequencies were taken. The transitions fitted in the analysis reported in Section V are indicated along with the nature of the observed hyperfine pattern. In most cases, a doublet structure was observed; in three cases, a singlet structure; and, in the case of the 1 01 A 2 ← 0 00 A 1 transition, a multiplet structure. The 9 −1 E ← 8 −2 E transition was not considered in the analysis as the exact nature of the observed hyperfine pattern could not be determined due to measure-FIG. 2. The atom numbering chosen in this work is shown. The three hydrogen atoms of the methyl group are numbered 1, 2, and 3; the hydrogen atom of the hydroxyl group is atom 4. The molecule-fixed x y z axis system can also be seen. For clarity, its origin was not drawn at the molecular center of mass. The configuration shown corresponds to a value of the torsional angle α of 10 • . When α = 0, hydrogen atom 1 lies in the x z plane. ment inconsistencies. The 4 32 A 1 ← 5 23 A 2 transition was not considered either. Its observed hyperfine pattern did not match the calculated one displaying a complicated multiplet structure with close lying lines which may not have been resolved by the spectrometer.
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III. THEORY
The theoretical approach developed in the present paper closely parallels those setups in the case of the non-rigid CD 3 COH and HCOOCH 3 molecules by Coudert and Lopez 5 and Tudorie et al., 12 respectively. The coordinate system, the symmetry group, and the rotation-torsion Hamiltonian, briefly described in this section, are the same as those adopted in these references. Below, the magnetic hyperfine coupling Hamiltonian, including spin-torsion effects, 10 is expressed in terms of symmetry adapted rotation-torsion and hyperfine coupling operators. Hyperfine matrix elements for the hyperfine Hamiltonian are written with the help of several hyperfine coupling constants.
A. Coordinate system and rotation-torsion Hamiltonian
The coordinates 5, 12 used in this work consist of the three usual Euler angles and of the large amplitude coordinate α corresponding to the torsional angle of the methyl group with respect to the frame containing the oxygen and carbon atoms and the hydrogen atom of the hydroxyl group. The moleculefixed x y z axis system is attached to the molecule so that its origin is at the molecule center of mass. The three atoms of the frame and the axis of internal rotation are held fixed in this axis system and lie in the xz plane. The position of the atoms of the molecule as well as the molecule-fixed axis system is illustrated in Fig. 2 . This figure emphasizes that the three equivalent hydrogen atoms of the methyl group are numbered 1, 2, and 3; the hydrogen atom of the hydroxyl group being atom number 4. When α = 0, hydrogen atom 1 lies in the xz plane and is anti to hydrogen atom 4. As stressed by Hougen et al., 20 the symmetry group to be used is G 6 ; its character table and the transformation properties of the coordinates are given in Tables VII and VIII of this reference.
The Hamiltonian used to calculate rotation-torsion energy levels is the rho axis method (RAM) internal-rotation Hamiltonian based on the work of Kirtman, 21 Lees and Baker, 22 and Herbst et al. 23 and reviewed by Hougen et al. 20 The RAM Hamiltonian, given in Eq. (26) of this reference, displays only one rotation-torsion Coriolis coupling term,
where p α is the momentum conjugated to α; J z is the z-component of the rotational angular momentum in the moleculefixed axis system; and ρ and F are two constants depending on the geometry of the molecule. 20 The rotation-torsion terms needed to account for distortion effects are listed in Table 2 of Xu et al. 13 For a given rotation-torsion level characterized by the rotational quantum numbers JK a K c , by its symmetry species Γ in G 6 , and by the torsional quantum number v t , the rotation-torsion wavefunction will be written Ψ and expanded using the basis set functions in Eqs. (4)- (6) of Coudert and Lopez. 5 For the E a and E b component functions of a doubly degenerate level, the standard transformation properties given in the end of Section 3.2 of this reference will be used.
B. Symmetry adapted hyperfine coupling operators and wavefunctions
The magnetic hyperfine coupling Hamiltonian H hfs to be used for methanol is given in Eq. (26) of Heuvel and Dymanus 10 and contains three terms corresponding to the spinrotation, spin-torsion, and spin-spin couplings. The former and latter couplings are not modified by the internal rotation and have the same form 7, 8 as in a rigid molecule. In this investigation, all three interactions will be described using operators appropriate for ∆J = 0 matrix elements. 11, 12, 24, 25 The operator for the spin-rotation coupling will be denoted H sr and should be obtained by adding the contribution of all hydrogen atoms,
where H i sr is the operator defined in Eq. (2) of Coudert et al.
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describing the spin-rotation coupling for hydrogen atom i; E i is the α-dependent rotation-torsion operator defined in Eq. (4) of the same reference; I i is the nuclear spin angular momentum; and J is the rotational angular momentum. Similarly, the operator used for the spin-spin coupling H ss is built by adding the contribution of the six pairs of hydrogen atoms,
where H i j ss is the operator defined in Eq. (6) of Coudert et al.
describing the spin-spin coupling between hydrogen atoms i and j; F(I i , I j , J) is the hyperfine operator introduced in Eq. (7) of the same reference; and S i j is the α-dependent rotationtorsion operator defined for Eqs. (16) of Coudert et al.
The operator for the spin-torsion coupling H st , deduced from Eq. (26) of Heuvel and Dymanus, 10 is given below using the form convenient for ∆J = 0 matrix elements 11 and adding the contribution of all hydrogen atoms,
where G i is an α-dependent rovibrational operator. Using Eq. (10a) of Heuvel and Dymanus 10 and remembering that the RAM is used, this rovibrational operator can be expressed as
where {, } is the anticommutator; β runs over molecule-fixed coordinates x, y, z; J β are the components of the rotational angular momentum in the molecule-fixed axis system; d i β are the α-dependent components in this axis system of the vector introduced by Heuvel and Dymanus; 10 and p α and ρ are defined as for Eq. (1).
As in Tudorie et al.,
12 the spin-rotation, spin-spin, and spin-torsion coupling operators in Eqs. (2)- (4) are rewritten in terms of products of symmetry-adapted hyperfine and rovibrational operators, characterized by their symmetry species in G 6 . As hyperfine operators involve laboratory-fixed components of various angular momenta, they can only have A 1 , E a , or E b symmetry. The rovibrational operators will also belong to one of these three symmetry species so as to ensure a completely symmetrical hyperfine coupling Hamiltonian. The following expansion is found for the spin-rotation coupling:
where a superscripted h indicates operator involving a contribution from the hydroxyl group hydrogen atom. In this equation, the hyperfine and rovibrational operators H sr (Γ) and O sr (Γ), with Γ = A 1 , E a , and E b , should be obtained from Eqs. (4) and (5) 
In the case of the spin-spin coupling, the expansion in terms of symmetry adapted operators contains twice as much terms than when the contribution from the hydroxyl group hydrogen atom is ignored,
where the superscripted h has the same meaning as for Eq. (6). In Eq. (8), the hyperfine and rovibrational operators H ss (Γ) and O ss (Γ), with Γ = A 1 , E a , and E b , should be obtained from Eqs. (6) and (7) of Tudorie et al., 12 respectively. The hyperfine operators H h ss (Γ), with Γ = A 1 , E a , and E b , are the following:
where F i j is a shorthand notation for
, with Γ = A 1 , E a , and E b , take the following expression:
The expansion in terms of symmetry adapted operators for the spin-torsion coupling is the following:
The hyperfine operators in this equation are the same as for the spin-rotation coupling in Eqs. (6) and (7). The rovibrational J. Chem. Phys. 143, 044304 (2015) operators are, however, different. Operators O h st (A 1 ) and O st (Γ), with Γ = A 1 , E a , and E b , should be obtained from Eq. (7) of the present paper and Eq. (5) of Tudorie et al. 12 after changing the rotation-torsion operators E i into G i . The nuclear spin wavefunction is written in the coupled basis set |(I 1 , I 23 )I 123 , I 4 , I⟩ corresponding to the coupling scheme,
In agreement with Bersohn 26 and using the same ideas as in the subsequent investigations of Swidzinskii, 27 Wolf et al., 1 and Bhattacharjee et al., 3 about the hyperfine coupling in molecules with equivalent nuclei, symmetry adapted nuclear spin wavefunctions | µ, I⟩ are built and are characterized by their symmetry species µ in S 3 , the permutation group of 3 particles, and by I the value of the total nuclear spin angular momentum. These wavefunctions are expressed in terms of nuclear spin wavefunctions as
with the help of projection operators and using the fact 1, 3, 26, 27 that the effects of a symmetry permutation of two nuclei on a nuclear spin wavefunction written in the coupled basis set can be evaluated with 6-j or 9-j symbols. In Eqs. (13), S 3 being isomorphic to G 6 , the symmetry species labels of the latter group are used. For doubly degenerate symmetry species, component functions obey the standard transformation properties chosen in the end of Section III A.
C. Hyperfine energy levels
Matrix elements of the hyperfine Hamiltonian H hfs are evaluated using the rotation-torsion-nuclear spin wavefunctions given in Eq. (10) of Tudorie et al. 12 where the symmetry adapted nuclear spin wavefunctions should be replaced by those in Eqs. (13) . The following matrix element arises:
where n ′ and n are shorthand notations for the quantum numbers of a rotation-torsion level. 12 Using the results in Sec. III B, the above matrix elements is expressed as
where C i is a hyperfine coupling constant equal to the rotationtorsion matrix element ⟨n ′ |O i |n⟩ of the symmetry adapted rotation-torsion operator O i and the hyperfine matrix element is that of the symmetry adapted hyperfine operator H i . In the case of a nondegenerate level, n ′ = n and Eq. (14) leads to the coupling constants and hyperfine matrix elements listed in TABLE II. Hyperfine coupling constants, rotation-torsion matrix elements, and hyperfine matrix elements to be used for nondegenerate rotation-torsion levels.
Coupling
Rotation-torsion Hyperfine constant matrix element a matrix element b
The hyperfine coupling constant is equal to the matrix element of a rotation-torsion operator within the wavefunction of a nondegenerate rotation-torsion level labeled with the shorthand notation n. 
a Reduction coefficients depend on the symmetry species, µ ′ and µ, and on the total nuclear spin, I ′ and I , characterizing the nuclear spin wavefunctions in Eqs. (13) . A superscripted h indicates reduction coefficients corresponding to a hyperfine operator involving the contribution of the hydroxyl group hydrogen atom. b Γ is the symmetry species characterizing the hyperfine operators. For hyperfine operators including the contribution from the hydroxyl group hydrogen atom, Γ can only be A 1 .
two component functions n a and n b . The hyperfine coupling constants and corresponding hyperfine matrix elements are reported in Table III . Equation (14) leads to 24 terms but to only 10 hyperfine coupling constants as rotationtorsion matrix elements can be related to each other using symmetry considerations. Also, only 10 hyperfine operators arise.
The hyperfine matrix elements in Eq. (15) and in Tables II  and III can be calculated using Eqs. (17) and (18) of Tudorie et al. 12 where the (−1) I 1 factor should be ignored. For the hyperfine operators H sr (Γ), with Γ = A 1 , E a , and E b , Eq. (17) of this reference should be used recomputing the reduced matrix element with the nuclear spin wavefunctions in Eqs. (13) . This also applies for the hyperfine operators H h sr (A 1 ), except that the recomputed reduction coefficients will be denoted C should be used. Reduction coefficients should also be recomputed and those corresponding to hyperfine operators involving the contribution from the hydroxyl group hydrogen atom will be denoted C Table IV for hyperfine operators involved in the spin-rotation and spin-torsion couplings and in Table V for hyperfine operators involved in the spin-spin coupling. Only values between symmetry species having the same degeneracy, needed in the present investigation, are listed. When using Tables IV and V, it should be kept in mind that reduction coefficients are invariant under an exchange of the total nuclear spin quantum numbers I ′ and I. Using the linear combination of rotation-torsion-nuclear spin wavefunction obeying the Pauli exclusion principle given in Section 3.4 of Coudert and Lopez 5 and the results of the present section, it can be shown that hyperfine energies of a nondegenerate rotation-torsion level n should be obtained diagonalizing a matrix M setup using Table II and the  reduction coefficients in Tables IV and V with µ ′ = µ = A 1 . For a given F-value, matrix elements of M between two values I ′ and I of the total nuclear spin angular momentum are
with 1 ≤ I ′ , I ≤ 2. For a doubly degenerate rotation-torsion level, depending on the rotation-torsion nuclear spin wavefunction chosen, 1, 5 hyperfine energies levels should be obtained diagonalizing two matrices M + and M − to be setup using Tables III and the reduction coefficients in Tables IV and V with µ ′ , µ = E a or E b . For a given F-value, matrix elements of M ± between two values I ′ and I of the total nuclear spin angular momentum are
with 0 ≤ I ′ , I ≤ 1. In all cases, the matrices to be diagonalized are at most 2 × 2. 
a Reduction coefficients depend on the symmetry species, µ ′ and µ, and on the total nuclear spin, I ′ and I , characterizing the nuclear spin wavefunctions in Eqs. (13) . A superscripted h indicates reduction coefficients corresponding to a hyperfine operator involving the contribution of the hydroxyl group hydrogen atom. b Γ is the symmetry species characterizing the hyperfine operators.
IV. FITTING HAMILTONIAN
A fitting Hamiltonian is build expressing the symmetry adapted rotation-torsion operators introduced in Section III B with expansions written in terms of sine and cosine functions depending on the angle of internal rotation. The constants involved in these expansions are the parameters which will be varied in the analysis described in Section V. These constants are numerically evaluated in this section using ab initio calculations and the structure of the molecule which provides us with an initial value for the parameters considered in the analysis. These numerical values also allow to deduce Hyperfine coupling constants and to draw predicted hyperfine patterns. The symmetry group 20 used in this section is G 6 like in most parts of Sec. III.
A. Fitting parameters
As shown in Section III B, there arise 4 symmetry adapted rotation-torsion operators for the spin-rotation coupling which are written as
where β, γ run over molecule-fixed coordinates x, y, z; the superscripted l is either blank or h; Γ = A 1 , E a , and E b ; and C Γ,l βγ (α) are α-dependent functions. These functions will be expanded using cos pα and sin pα functions up to p = 3. Symmetry considerations show that for βγ = x x, y y, zz, and xz,
βγ sin 2α, (19) and for βγ = x y and y z,
βγ cos 2α. (20) In both equations, c p,l βγ , with 0 ≤ p ≤ 3, are constants. When using Eqs. (19) and (20) , in agreement with Eq. (18), it should be kept in mind that the superscripted symmetry label on the left hand side does not necessarily correspond to the symmetry species of the term on the right hand side. For the spin-rotation coupling arising from the methyl group, Eqs. (19) and (20) lead to 22 independent c p βγ constants; for the spin-rotation coupling arising from the hydroxyl group hydrogen atom, only 10 c p,h βγ constants arise because of the restriction Γ = A 1 . The 6 symmetry adapted rotation-torsion operators describing the spin-spin coupling are written as
where β, γ run over molecule-fixed coordinates x, y, z; l and Γ are defined as for Eq. (18); and R Γ,l βγ (α) are α-dependent functions. These are expanded, using the same expansions as in Eqs. (19) and (20), with 44 independent constants denoted r p,l βγ . The 4 symmetry adapted rotation-torsion operators arising for spin-torsion coupling are written as (22) where {, } is the anticommutator; β runs over molecule-fixed coordinates x, y, z; l and Γ are defined as for Eq. (18); and S Γ,l β (α) are α-dependent functions. Using the same kind of expansion as above, it is found that for β = x and z, these functions can be written as
β sin 2α, (23) and for β = y,
y cos 2α, (24) where s p,l β , with 0 ≤ p ≤ 3, are constants. For the spin-torsion coupling arising from the methyl group, Eqs. (23) and (24) show that 11 independent s p β constants arise; for the spintorsion coupling arising from the hydroxyl group hydrogen atom, there are only 5 s p,h β constants because Γ can only be A 1 . A total of 92 independent constants are needed to parameterize the hyperfine coupling. Although the actual number of constants is smaller than that due to relations dealt with in Sec. IV B, it is still quite large and only a small fraction of them will be refined in the analysis of the hyperfine patterns described in Section V.
B. Rotation-torsion operator constants
Constants involved in the spin-rotation, spin-spin, and spin-torsion operators were obtained evaluating the corresponding coupling tensor for 36 configurations with α = 0
• , 10
• , . . . , 350
• using the atom positions from Venkateswarlu and Gordy. 28 Ab initio calculations were carried with the ACES2 package 29 at the CCSD(T) level, 30 with basis set pVTZ, 31 using gauge-including atomic orbitals 32 (GIAOs). The spin-rotation coupling tensors C i (α) of the four hydrogen atoms were evaluated for the above configurations. Figure 3 shows the variations of the diagonal x x component. The symmetry adapted tensor constants were determined through a linear least-squares fitting to the ab initio tensor component values. Nondiagonal components were symmetrized. The root-mean-square (RMS) deviation of the fits was at most 10 −4 kHz. Constant values are given in Table VI Spin-spin coupling tensors were retrieved for the same 36 configurations and for the 6 pairs of hydrogen atoms using the theoretical results in Section II A of Thaddeus et al. 7 Numerical values for the symmetry adapted tensor constants were also obtained through a linear least-squares fitting of tensor components. The RMS values were smaller than 0.1 kHz. Results are reported in Table VII for O ss (A 1 ), O ss (E a ), O h ss (A 1 ), and O h ss (E a ). For the two first operators, many constants vanish due to the fact that the structure taken in the calculation assumes a rigid methyl group with C 3v symmetry. 28 For all operators in Table VII, constants are compatible with their zero trace.   TABLE VI . Numerical values for the constants a involved in the symmetry adapted rotation-torsion operators describing spin-rotation coupling. 
a Constants in kHz are defined in Eqs. (19)- (21) Accounting only for the nuclear spin contribution and ignoring electronic effects, 7,10 spin-torsion coupling tensors were retrieved using Eqs. (14b), (16a), and (17b) of Heuvel and Dymanus 10 for the 4 hydrogen atoms and for the 36 above configurations. Numerical values for the symmetry adapted tensor parameters were also obtained through a linear leastsquares fitting of tensor components. The RMS values were smaller than 10 −2 kHz and the results are reported in Table VIII for O st (A 1 ), O st (E a ), and O h st (A 1 ). Keeping in mind that the numerical values in this table may be overestimated, it should nonetheless be pointed out that the largest constants arise for the latter operator.
C. Hyperfine coupling constants and predicted patterns
Rotation-torsion spectroscopic parameters for methanol were retrieved fitting the high resolution data reported by Xu et al. 13 up to J = 20 and v t = 1 only. 33 These maximum values were adopted because in the fitted data set, the maximum J-TABLE VIII. Numerical values for the constants a involved in the symmetry adapted rotation-torsion operators describing spin-torsion coupling.
s 0 (23) and (24) and obtained from the structure in
Ref. 28 . Only the nuclear spin contribution is taken into account in this calculation. a Constants in kHz are defined in Table II . b Nondegenerate v t = 0 levels are labeled using J, K a , K c , and their symmetry species.
and v t -values are 9 and 0, respectively. These spectroscopic parameters were used to compute rotation-torsion wavefunctions fulfilling the symmetry requirements of Coudert and Lopez, 5 to evaluate the matrix elements of the hyperfine coupling rotation-torsion operators introduced in Section III A, and to obtain numerical values for the hyperfine coupling constants defined in Section III C. Table IX gives the results for nondegenerate v t = 0 levels up to J = 3 and K a = 1. It can be seen that for these levels, the hyperfine spin-torsion coupling constants C st S and C st,h S exhibit a fast variation with K a . They are zero for K a = 0 and have the same value for both members of the K a = 1 asymmetry doublet. The numerical values in Table IX can be compared with those of Heuvel and Dymanus 9 accounting for the different definitions used by these authors. As can be gathered from Section 3 of their paper, D the coupling constant increases when going from v t = 0 to v t = 1.
Predicted hyperfine patterns were computed using the results of Secs. IV A and IV B and evaluating the intensity of hyperfine components with Eqs. (29)- (31) of Thaddeus et al. Depending on the rotation-torsion levels involved, hyperfine patterns consist of up to 38 components and the sum of all hyperfine intensities being always equal to 8. Figure 5 shows calculated hyperfine patterns of two J = 1 ← 0 parallel transitions with v t = 0. The transition involving nondegenerate rotation-torsion levels displays larger splittings that are mainly due to the spin-spin coupling. This hyperfine pattern compares very well with the observed one in Fig. 2(a) of Heuvel and Dymanus. 9 
V. ANALYSIS
In the line position analysis, hyperfine energies were computed using Section III and a least-squares-fit procedure was carried out. The parameters of this procedure include the center frequency F 0 of the fitted rotation-torsion transitions and the rotation-torsion operator constants introduced in Section IV. For parameters involved in the spin-rotation and spinspin couplings, the values calculated in Section IV B were taken as initial values of the least-squares-fit procedure; for parameters involved in the spin-torsion coupling, the initial values were set to zero.
The 12 hyperfine patterns considered in the analysis are listed in Table I . The only rotation-torsion transition displaying a fully resolved hyperfine pattern is the 1 01 A 2 ← 0 00 A 1 line at 48 372 MHz and all its hyperfine components were included in the data set. As indicated by Table I , for the remaining transitions, the hyperfine patterns are partially resolved displaying either a singlet or a doublet structure. In the latter case, in agreement with Heuvel and Dymanus, 9 it was assumed that this is because spin-rotation coupling from the hydroxyl group hydrogen atom is dominant. For such transitions, the 8 strongest hyperfine components were introduced in the data set and assigned to either member of the doublet examining the value of the derivative of the hyperfine energy with respect to C sr,h S , which is the constant describing spin-rotation coupling from the hydroxyl group hydrogen atom. For the three transitions displaying a singlet structure, the 8 strongest hyperfine components were fitted to the frequency of the singlet. This assignment process was carried out for each cycle of the leastsquares-fit procedure. For the low J-value singlet transition at 2502 MHz, only the 6 strongest hyperfine components were selected. For each transition, Table X lists the number of fitted hyperfine components and the experimental uncertainty used. A large value was used for hyperfine patterns displaying broad components like that of the 2 2 E ← 2 1 E rotation-torsion transition at 24 934 MHz.
Two analyses were performed. In the first one, in addition to the 12 center frequencies, the two spin-rotation coupling constants c 0 z z and c 0,h z z were varied since, as confirmed by Table VI, they are the largest constants for this coupling and are probably calculated with the least accuracy due to the complicated nature of the magnetic spin-rotation coupling. In the first analysis, the unitless standard deviation of the fit was 1.2. In the second analysis, in addition to the same constants, the spin-torsion coupling constant s 0,h z was varied because, as indicated by Table VIII , it is among those having the largest values. In this second analysis, the unitless standard deviation of the fit was only 1.1. In both analyses, a fast convergence of the least-squares-fit procedure indicates that the fitted parameters were well determined. Fig. 6 for the 3 2 E ← 3 1 E rotation-torsion transition recorded using the experimental setup in Hannover. Both calculated patterns were plotted using a Doppler splitting of 56.4 kHz and a Lorentzian line profile with a half width at half height of 1.5 kHz. The calculated hyperfine pattern in the lower panel displays a quartet structure with large and small splittings due to spin-rotation coupling from the hydroxyl group hydrogen atom and from the methyl group, respectively. two calculated hyperfine patterns. The first one was obtained without adjusting hyperfine coupling parameters; the second one corresponds to the second analysis. The hyperfine pattern in Fig. 6 is a doublet dominated by spin-rotation coupling effects from the hydroxyl group hydrogen atom. This figure shows that before adjusting the hyperfine coupling parameters, the calculated splitting was too small. Adjusting these parameters leads to a larger splitting and this is consistent with the large increase of c 0,h z z . The hyperfine pattern in Fig. 7 is a quartet with a large splitting also due to spin-rotation coupling effects from the hydroxyl group hydrogen atom and a small splitting due to spin-rotation coupling effects from the methyl group. When adjusting the hyperfine coupling parameters, the large splitting increases while the smaller one collapses leading to a doublet structure. Just like in Table I is available in the supplementary material. 19 It reveals that there is a good agreement except for the 4 32 A 1 ← 5 23 A 2 and the 9 −1 E ← 8 −2 E transitions, not included in the analysis as already stressed in Section II, and the 2 2 E ← 2 1 E transitions, included in the analysis. For the latter, the calculated doublet structure does not match the observed singlet structure. The large width of the observed singlet line suggests, however, that the experimental hyperfine pattern probably is an unresolved doublet. For the 1 0,1 A 2 ← 0 0,0 A 1 transition, there is very little change after the fitting. This stems from the nature of its hyperfine pattern, dominated by spin-pin coupling, and from the fact that no parameters corresponding to this coupling are varied in the analysis. The numerical values in Table IX are also consistent with the nature of this hyperfine pattern.
VI. DISCUSSION
Experimental hyperfine patterns recorded in this work and in a previous experimental investigation 9 for the non-rigid methanol molecule are analyzed using an approach accounting for the interaction between the magnetic hyperfine coupling and the large amplitude motion. The latter leads to averaging effects as the torsional motion exchanges the three protons of the methyl group giving rise to hyperfine coupling. As emphasized in Section IV A, the fitting Hamiltonian derived using symmetry considerations to compute the hyperfine energy depends on a very large number of parameters because up to four atoms give rise to hyperfine coupling and the variation of the coupling with the angle of internal rotation must be accounted for. 5, 12 In the hyperfine structure of methanol, evidencing the effects of the so called spin-torsion coupling [9] [10] [11] is an important issue. This hyperfine coupling is due to the additional magnetic field caused by the internal rotation of the methyl group which interacts with the nuclear spin of the four hydrogen atoms. The spin-torsion coupling is taken into account in the present investigation [Eq. (5) ] but the exact magnitude of the corresponding coupling constants is difficult to obtain. A tentative determination of these is carried out in Section IV C accounting only for the nuclear contribution and ignoring the electronic contribution. The resulting constants, given in Table VIII , are probably overestimated due to this approximation. As stressed by Eqs. (6) and (11), the spin-torsion coupling leads to the same hyperfine operators than the spin-rotation coupling. More precisely, the spin-torsion coupling gives rise to an additional contribution to the spin-rotation coupling constants. Indeed, the hyperfine matrix elements in Eqs. (16) and (17) depend only on the sum C sr + C st of the spin-rotation and spin-torsion hyperfine coupling constants. The effects of spin-torsion are strongly dependent on the unsigned quantum number K a for nondegenerate levels and on the signed quantum number k for doubly degenerate levels. This can be seen in Fig. 4 for the latter type of levels. This figure also shows that these effects increase with v t .
In the line position analysis of the experimental hyperfine patterns, 12 rotation-torsion transitions were considered including 5 transitions involving nondegenerate levels and 7 involving doubly degenerate levels. Only one observed hyperfine pattern was fully resolved, the remaining ones displaying either a singlet or a doublet structure. This could be qualitatively understood assuming that the spin-rotation coupling effects from the hydrogen atom of the hydroxyl group were dominant. Before the fitting, as emphasized by Figs. 6 and 7 and by one of the figures available in the supplementary material, 19 the agreement between observed and calculated hyperfine patterns was somewhat satisfactory for transitions involving nondegenerate levels, but not for those involving doubly degenerate levels. Adjusting two hyperfine coupling parameters corresponding to spin-rotation having the largest calculated values in Section IV B allowed us to reproduce the doublet structure observed in several cases. The results of the line position analysis were further improved when spin-torsion effects were accounted for allowing us to carry out the first determination of one of the corresponding parameters. This fitted value, listed in Table X , is believed to be too large as it exceeds its estimated value retrieved in Section IV B. The comparison between observed and calculated hyperfine patterns is satisfactory except for three rotation-torsion transitions out the 19 available presented in Section II. Although the determination of the spin-torsion coupling constant should be taken with care, this work follows that of Heuvel and Dymanus 9, 10 and presents the next step in the investigation of the hyperfine structure of the astrophysically relevant methanol molecule. 6 
